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ABSTRACT
This thesis considers the control of a heavy-lift serial manipulator operating on the
deck of a large ocean vessel. This application presents a unique challenge for high-
precision control because the system must contend with both high levels of joint friction
and oscillatory motions in the manipulator's base. Due to the uncontrolled outdoor
environment, the behavior of these disturbances in the field cannot be accurately
predicted using models developed offline. To achieve high-precision control, the system
must therefore be capable of effectively estimating and compensating for these
disturbances online.
This thesis presents the design of a position control system to allow high-precision
control of the manipulator's payload by a human user. The design features a standard
decentralized linear control architecture augmented by a combination of adaptive and
sensor-based techniques to estimate and compensate for base-motions and joint friction.
A procedure is also suggested by which a parametric friction model can be extracted from
adaptive estimates recorded over a period of time. This extracted model can be used to
temporarily replace the adaptive estimation in compensating for joint friction when the
manipulator is in contact with the environment.
Performance of the control methods developed here are evaluated using simulation
studies conducted with a high-fidelity dynamic model of the mechanical system. These
studies demonstrate the tracking capability of the control system for various
representative tasks.
Thesis Supervisor: Steven Dubowsky, Professor of Mechanical Engineering
2
ACKNOWLEDGEMENTS
I would like to thank Foster Miller Inc. for their support in the design of this system.
I would like to thank my collaborators on this project including Matthew Dicicco,
William Becker, and Mikael Fridenfalk. Special thanks go out to Dr. Karl lagnemma and
Dr. Matthew Lichter for their mentorship and technical assistance during this project, and
all the other members of the Field and Space Robotics Laboratory for their technical
guidance and friendship. Of course, the biggest thanks are due to the esteemed Dr. D for
his guidance and for giving me the opportunity to work on this project.
I would like to dedicate this thesis to my mother and father who have given me so
much love and opportunity. Thanks for making everything possible.
3
CONTENTS
ABSTRACT ........................................................................... 2
ACKNOW LEDGEMENTS ......................................................................... 3
CONTENTS ............................................................................................... 4
FIGURES .................................................................................................... 7
TABLES ...................................................................................................... 9
CHAPTER 1: INTRODUCTION ............................................................. 10
1.1 Introduction .................................................................................................... 10
1.2 Application-Specific Control Challenges .................................................... 10
1.2.1 Joint F riction ........................................................................................... 11
1.2.2 Base Motions ........................................................................................ 11
1.2.3 Other Environmental Factors.................................................................. 12
1.2.4 Contact Forces ...................................................................................... 12
1.3 Background and Literature Review ............................................................. 13
1.3.1 Friction Compensation........................................................................... 14
1.3.2 Base-motion Compensation.................................................................. 15
1.4 Goals of this Thesis ..................................................................................... 16
1.5 T hesis O utline ............................................................................................... 17
CHAPTER 2: POSITION CONTROL METHODS................18
2.1 Introduction.................................................................................................. 18
2.2 Mechanical System Description and Assumptions...................................... 19
2.3 Cartesian Control........................................................................................ 22
4
2.3.1 Resolved-Rate Control........................................................................... 22
2.3.2 M anipulator Kinematics ........................................................................ 23
2.3.3 W orkspace Singularities ........................................................................ 26
2.4 Joint Control ................................................................................................. 27
2.4.1 PID Control........................................................................................... 27
2.4.2 Gain Scheduling.................................................................................... 30
2.4.3 Joint M odeling and Gain Tuning ........................................................... 30
2.4.4 Structural Resonance and Controller Bandwidth ................................. 33
CHAPTER 3: COMPENSATING FOR DISTURBANCES.......................35
3.1 Introduction.................................................................................................. 35
3.2 Compensating for Gravity ............................................................................ 35
3.3 Compensating for Ship M otions................................................................. 37
3.4 M odeling Joint Friction ............................................................................... 39
3.4.1 Static-Load-Dependent M odel (Joints 1-3).......................................... 39
3.4.2 Torque-Dependent M odel (Joints 4-6) ................................................. 42
3.5 Sensor-based Friction Compensation (Joints 1-3)........................................ 43
3.5.1 Friction Estimation Using Load Cells ................................................... 43
3.5.2 Torque Control...................................................................................... 45
3.6 Adaptive Friction Compensation (Joints 4-6)............................................. 48
3.7 Contact Forces and Friction M odel Extraction............................................. 52
CHAPTER 4: SIM ULATION RESULTS ................................................ 54
4.1 Introduction.................................................................................................. 54
4.2 Simulation Setup........................................................................................... 54
4.3 Simulation Results........................................................................................ 56
5
4.3.1 Representative Heavy-Payload Task ................................................... 56
4.3.2 Representative Light-Payload Task..................................................... 61
4.3.3 R esolution Study................................................................................... 65
4.3.4 Repeatability Study.............................................................................. 67
4.3.5 Preliminary Analysis of Ship Motion Effects....................................... 69
4.3.6 Friction M odel Extraction..................................................................... 72
4.4 Sum m ary and Conclusions ......................................................................... 76
CHAPTER 5: CONCLUSIONS AND FUTURE WORK.............78
5.1 Contributions of this W ork ......................................................................... 78
5.2 Suggestions for Future W ork....................................................................... 79
R EFER EN C E S .......................................................................................... 81
APPENDIX A: MANIPULATOR PARAMETERS ................. 84
APPENDIX B: CONTROLLER PARAMETERS .................. 86
APPENDIX C: SIMULATED FRICTION PARAMETERS ........... 88
6
FIGURES
2.1. Manipulator joint definitions (courtesy of Foster Miller Inc.)
2.2. Definition of manipulator reference frames (adapted from Foster Miller Inc.)
2.3. Resolved-rate control architecture
2.4. Joint control architecture
2.5. Joint model used in designing the PID joint controllers
2.6. Joint control architecture with transfer functions defined
2.7. Reduced closed-loop transfer function for joint control
3.1. Joint control with feed-forward gravity compensation
3.2. Joint control with feed-forward gravity and ship motion compensation
3.3. Stribeck effect in the static-load-dependent friction model
3.4. Location of load cells in joints 1-3 (adapted from Foster Miller Inc.)
3.5. Torque control architecture (joints 1-3)
3.6. Simplified representation of the torque control architecture
3.7. Root-locus for the PI torque controllers
3.8. Joint model for the formulation of the Friedland-Park estimation method
3.9. Joint control architecture with adaptive friction estimation and compensation
3.10. Joint control with feed-forward friction compensation using models extracted
from estimator data
4.1. Structure of the position control simulation process
4.2. End-effector trajectory in base-coordinates for the representative heavy-payload
task
4.3. Translational end-effector tracking error during the representative heavy-payload
task
4.4. Position of joint 5 during the representative heavy-payload task
7
4.5. Comparison of tracking error with and without friction compensation
4.6. End-effector trajectory in base-coordinates for the representative light-payload
task
4.7. Translational end-effector tracking error during the representative light-payload
task.
4.8. Position of joints 1, 5, and 6 during the representative light-payload task
4.9. End-effector tracking a 1cm square wave with and without friction compensation
4.10. End-effector trajectory, tracking 25 random motions from a set-point
4.11. End-effector positions after each random motion and 2 seconds of settling time,
with and without friction compensation
4.12. Application of base rotations to the simulated manipulator model (adapted from
Foster Miller Inc.)
4.13. Translational tracking error with simulated base motions
4.14. Identification of friction parameters using recorded friction estimates: magnitude
of simulated friction
4.15. Identification of friction parameters using recorded friction estimates: magnitude
of simulated friction w/ friction estimates
4.16. Identification of friction parameters using recorded friction estimates: magnitude
of simulated friction w/ filtered friction estimates
4.17. Identification of friction parameters using recorded friction estimates: magnitude
of simulated friction w/ filtered friction estimates and curve-fit
4.18. Identification of friction parameters using recorded friction estimates: magnitude
of simulated friction w/ filtered friction estimates, curve-fit, and predicted friction profile
A. 1. Definition of joint coordinate systems with all joint angles at zero (courtesy of
Foster Miller Inc.)
8
TABLES
4.1. Target performance specifications for the representative heavy-payload task
4.2. Tracking error results for the representative heavy-payload task
4.3. Target performance specifications for the representative light-payload task
4.4. Tracking error results for the representative light-payload task
4.5. Translational error results for the repeatability study
4.6. Periods and amplitudes for simulated base rotations
4.7. Periods and amplitudes for simulated translational base accelerations
4.8. Error results for the extracted friction model
A. 1. Denavit-Hartenberg manipulator parameters (courtesy of Foster Miller Inc.)
A.2. Inertial link parameters (courtesy of Foster Miller Inc.)
A.3. Inertial payload parameters (courtesy of Foster Miller Inc.)
B.1. PID gains for the representative heavy-payload task
B.2. PID gains for the representative light-payload task
B.3. Integral saturation limits
B.4. PI torque-control gains
B.5. Friedland-Park estimator gains
C. 1. Parameters for simulated static-load-dependent friction
C.2. Parameters for simulated torque-dependent friction
9
CHAPTER
1
INTRODUCTION
1.1 Introduction
This thesis presents the design of a position control system for a heavy-lift serial
manipulator being developed commercially. This manipulator is intended for use on the
deck of large sea vessels in widely varying weather conditions. The control system will
allow a human user to control the velocity and direction of the manipulator's payload in
the field. The design employs a combination of sensor-based and adaptive techniques for
estimation and compensation of the large dynamic disturbances associated with this
manipulator and its operational environment. Significant disturbances include (but are
not limited to) ship motions and friction in the manipulator's joints, both of which will be
time-variant and difficult to predict due to environmental factors. This controller design
includes a robust and effective means of estimating and compensating for these
disturbances online, thereby making precise and repeatable positioning of the
manipulator's payload possible.
1.2 Application-Specific Control Challenges
High-precision manipulation is a very well studied problem in general. The
particular manipulation task considered in this thesis, however, contains several aspects
that create unique challenges for control. These challenges primarily take the form of
dynamic disturbances imparted on the manipulator due to factors relating to both the
external environment and the manipulator itself. These disturbances must somehow be
compensated to successfully meet the precision requirements for this manipulator system.
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1.2.1 Joint Friction
Joint friction presents one of the most difficult challenges for high-precision control
[Olsson, et al, 1998]. The manipulator in this project is a heavy-lift manipulator expected
to lift and move payloads weighing up to 3000 lbs. To generate the large joint torques
necessary to move under such heavy loads, the manipulator uses very highly geared
electric motors. A large amount of friction is produced in the bearings of each joint, the
heavy transmissions, and the electric motors themselves. These friction torques also have
complex profiles including (at the very least) dependencies on manipulator position,
velocity, payload mass, and motor torque. In addition, the parameters of the joint friction
can change over time due to unpredictable effects like temperature change, wear in the
mechanical components, rain, sea salt, etc. The end result is a manipulator with large
levels of joint friction that are extremely difficult to accurately model and predict.
Joint friction is an important concern for position control because it makes it difficult
for the manipulator to make smooth and precise motions. In order to meet the
performance requirements for this manipulator, it is critical that the position controller
have the ability to effectively compensate for these effects. Finding a robust and
effective method to estimate and compensate for friction in the manipulator's joints is a
critical challenge in the design of this control system.
1.2.2 Base Motions
Another critical control issue in this design is that the base of the manipulator does
not remain stationary in inertial space while the payload is being moved. The
manipulator is designed for operation on the deck of a ship, and while the manipulator's
base does remain fixed with respect to the ship's deck, the ship itself is subject to
continuous and potentially large dynamic motions due to wind and sea conditions. These
motions will impart accelerations on the manipulator and its payload which will be seen
as disturbances by the position controller. The position controller will need to effectively
compensate for these motions for the manipulator to perform its task successfully.
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1.2.3 Other Environmental Factors
Because of the manipulator's uncontrolled outdoor environment, there is a high
potential for random disturbances that are difficult or impossible to model. Wind, in
particular, is almost always present to some degree and exerts a disturbance on the
manipulator and its payload. Other random disturbances can include objects or even
people inadvertently falling or leaning against the manipulator.
Perhaps the most important challenge associated with this manipulator's
environment is the effect that it can have on joint friction. Rain, salt from the ocean, and
changes in ambient temperature can all have significant effects on the behavior of friction
experienced in the manipulator's joints. These effects make it virtually impossible to
accurately estimate joint friction in the field using open-loop methods.
1.2.4 Contact Forces
Another important consideration in the design of this controller is the effect of
contact forces between the payload and the environment. Contact forces necessarily
occur each time the manipulator picks up a payload or places a payload back into the
environment. Most objects in the manipulator's environment are assumed to be rigid and
therefore it is impossible to compensate for these forces in the same way that forces like
friction are compensated. An attempt by the control system to do so could in fact result
in damage to the manipulator and/or the environment.
This is an important consideration when employing closed-loop methods of
disturbance compensation. To eliminate the possibility of instability and/or damage, the
effects of contact forces must be kept outside of any disturbance-feedback loops used in
the controller. If this cannot be done, then these feedback loops must be deactivated
and/or replaced by open-loop compensation in the presence of contact forces.
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1.3 Background and Literature Review
The particular manipulator application considered in this thesis has been studied
extensively in recent years at the Oak Ridge National Laboratory [Deeter, et al, 1997,
Love, et al, 2003/2004]. The work at ORNL has included the development of control
algorithms for ORNL's Next Generation Munitions Handler, a prototype heavy-lift
manipulator platform developed at ORNL for use on naval vessels. Research at ORNL
has explored the use of various position and force control strategies for human
amplification with the NGMH platform with favorable results.
The various control challenges considered in this thesis have also been studied
individually over the past thirty years. High-precision Cartesian control has been
achieved on a multitude of manipulator platforms using a broad range of control
approaches. The most common industrial control solution to date remains the PID
(proportional-integral-derivative) architecture, enhanced with performance-increasing
features like integral saturation and partial feed-forward dynamic compensation [Visioli,
2002]. The familiarity of PID control, coupled with the extensive framework available
for its analysis and implementation, has allowed it to remain the preferred solution for
industrial applications despite the emergence of more innovative solutions.
More advanced global tracking solutions include methods like sliding mode control,
neural-network-based control, and model-based methods like state-feedback and
computed torque control [Khosla, 1988, Huang, et al, 2002, Visioli, 2002]. In addition, a
variety of model-based adaptive schemes have been developed to allow the application of
model-based methods in systems with unknown dynamics [Landau, 1974, Astrom, 1983,
Slotine, 1987]. Each of the proposed methods has unique strengths and varies in
effectiveness depending on the nature of the mechanical system and its application.
Model-based controllers can potentially provide performance far superior to what is
achievable with decentralized linear control, but they also require considerably more
complexity. In addition, there are problems with analysis and implementation of many of
these nonlinear methods that have not yet been fully solved. In considering the use of
model-based control for a given application, it is necessary to ask whether the potential
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benefit in performance is worth the additional complexity and problems with
implementation.
1.3.1 Friction Compensation
Joint friction is often a limiting factor in high-performance manipulator control. To
improve manipulator performance, many control methods have been suggested to help
systems estimate and compensate for the effects of joint friction [Armstrong, et al, 1994].
The majority of these methods fall into three categories: model-based compensation,
sensor-based compensation, and torque bias/pulse injection.
Model-based friction compensation uses mathematical models to predict the effects
of friction online. Using the predicted values of the friction force/torque, the effects of
friction can then be compensated with motor torques [Gomes, et al, 2003, Moreno, et al,
2003]. The effectiveness of this type of compensation method depends directly on the
accuracy of the predictor models. To improve the accuracy of these models, extensive
work has been done to advance the understanding of joint friction behavior and to
develop mathematical models offline that accurately represent this behavior [Olsson, et al,
1998]. Despite these efforts, the effectiveness of these offline models in predicting joint
friction in the field is fundamentally limited by their inability to track changes in the
friction model over time. Environmental factors and changes in the mechanical system
over time can cause the joint friction behavior to deviate from what was observed during
offline modeling. To compensate for these online variations, numerous methods have
been proposed for online estimation of friction parameters including both adaptive-based
and observer-based approaches [Armstrong, et al, 1994, Canudas, et al, 1997,
Henrichfreise, et al, 1998, Friedland, et al, 1993]. These methods take advantage of
known or measured information about the system dynamics to identify friction
parameters online. Online parameter identification has been demonstrated to allow very
high performance in systems with high joint friction [Canudas, et al, 1987, Lischinsky, et
al, 1997, Kim, et al, 2002]. The formulation of most adaptive methods is very complex,
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however, especially for high-degree-of-freedom systems [Niemeyer, et al, 1988]. For
this reason, adaptive identification is not practical for some systems.
Sensor-based compensation is generally considered a luxury in control systems.
These methods can be employed when there are sensors available to provide direct
feedback of the friction experienced in the system. Torque control is the most common
form of sensor-based compensation [Luh, et al, 1983, Pfeffer, et al, 1989]. This method
involves the formation of torque control loops around a manipulator's joints. Sensors
measure the torque applied to the joint and feed this back to the torque controllers which
adjust the motor signal accordingly. No model of the friction is required and yet the
compensation is robust to changes in the friction over time. This method has been shown
to provide extremely accurate compensation for joint friction and is the preferred
approach whenever the system hardware allows. More recently, an alternative sensor-
based method has been proposed that allows the friction in all joints to be identified using
a single 6-DOF force/torque sensor in the manipulator's base [lagnemma, 1997], thus
greatly simplifying the hardware implementation of sensor-based approaches. This
method, called Base-Sensor Control, has been shown in experiments to provide
identification of joint friction in a Puma robot approaching the resolution of the joint
encoders [Morel, et al, 2000, Meggiolaro, et al, 2001].
The third major category of friction compensation involves the introduction of a
pulse or high-frequency bias to the applied joint torque sufficient to cause small joint
displacements [Armstrong, et al, 1994]. This helps to overcome static friction and also
has been shown to smooth the friction profile at low velocities. Although not as effective
as model or sensor-based compensation, this can provide significant performance benefits
with far less added effort and complexity than the previously described methods.
1.3.2 Base-motion Compensation
Most of the work on base-motion compensation in the literature is concerned with
incorporating base motions into the calculation of the manipulator kinematics and/or the
desired payload trajectory [Dubowsky, et al, 1987, Tahboub, 1997, Agostini, et al, 2002].
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This is because the major concern is usually that the manipulator coordinate system is
moving relative to the workspace. For this application the problem is different because it
is assumed that the workspace and the manipulator base-coordinates both move together.
The concern is therefore not the payload trajectory but rather the dynamic effects of the
large oscillatory rotations and G-loads experienced by the manipulator due to the motion
of the ship.
Relatively little work has been done previously in modeling and/or compensating for
the dynamic effects of oscillatory ship motions in manipulator control [Love, et al,
2003/2004, Toda, 2004]. Some of the largest contributions in this area have come from
the ongoing research at the Oak Ridge National Laboratory. This work has produced
new methods of modeling and compensating for ship motions that use repetitive and
adaptive learning techniques to identify the ship motions without the use of sensors.
Preliminary simulations of these methods on a three-degree-of-freedom manipulator have
yielded favorable results [Love, et al, 2003/2004] and are an ongoing effort at ORNL.
The work in this thesis does not attempt to advance existing methods of base-motion
compensation or propose new ones. For this project, basic sinusoidal models of the
expected ship motions were provided by the developers of the mechanical system and
used for analysis. The compensation method used here involves measuring the base-
motions with sensors and calculating feed-forward compensation torques for each joint
using a quasi-static model of the manipulator [Sciavicco, et al, 2000]. This compensation
technique has been employed in the work at ORNL where it was shown to provide
significant improvements in controller performance during simulation [Love, et al, 2003].
1.4 Goals of this Thesis
The goal of this thesis is to present a design solution for achieving robust and
repeatable high-precision position control with a heavy-lift manipulator operating on the
deck of a large sea vessel in varying weather conditions. This thesis places an emphasis
on the use of combined sensor-based and adaptive methods for identifying and
compensating for joint friction and other dynamic disturbances associated with this
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manipulator and its unique work environment. Finally, it is the goal of this thesis to
validate the potential of this controller design with the results of high-fidelity dynamic
simulations.
1.5 Thesis Outline
The complete architecture of the position control system presented in this thesis is
covered in the two chapters following this introduction. Chapter 2 describes the basic
mechanical system and how movement commands from a human operator are translated
by the control system into the joint torques necessary to produce the desired motions.
Chapter 3 covers all methods associated with the modeling, estimation, and compensation
of the major dynamic disturbances affecting the manipulator.
Chapter 4 contains the results of various simulations that were used to test the
position control system using a high-fidelity dynamic model of the manipulator system.
These simulations include studies of the control system's tracking capability with special
attention to repeatability, resolution, and effectiveness in compensating for joint friction
and ship motions.
The final Chapter discusses the contributions of this thesis and plans for future work
with the control system. Several appendices are also provided. Appendix A contains a
listing of the complete kinematic and inertial parameters of the manipulator. Appendix B
contains a listing of the control system parameters used in simulation. Appendix C
provides the parameter values used in the simulation of joint friction for this project.
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CHAPTER
2
POSITION CONTROL METHODS
2.1 Introduction
In the context of robotic manipulators, "position control" refers to the act of
commanding a manipulator's actuated links in order to follow prescribed trajectories.
Multiple links within a manipulator can be controlled independently or together to create
coordinated motions. The exact nature of a position controller will depend on both the
nature of the manipulator itself and the intended application.
The purpose of this chapter is to describe the fundamental control methods used to
achieve position control for this manipulator and to briefly cover the important principles
involved in these methods. Algorithms specifically involved in compensating for
disturbances will not be included in this discussion. The estimation and compensation of
dynamic disturbances is treated as a special topic and is covered in detail in Chapter 3.
The first part of this chapter contains a basic description of the mechanical system.
This description is accompanied by a statement of the key assumptions that have been
made about the mechanical system for the purposes of this controller design. The second
part of this chapter describes the form of the human user's command inputs and how
these inputs are interpreted by the position control system to compute the necessary joint
torques. The final section of this chapter describes the design of the feedback loops used
to control the individual manipulator joints.
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2.2 Mechanical System Description and Assumptions
The mechanical system to be controlled consists of a six-link serial manipulator
mounted on a mobile platform. The six links are connected in series via five rotational
joints and one translational (prismatic) joint as shown in Figure 2.1. The complete
kinematic and inertial parameters of the mechanical system are provided in Appendix A.
Joint 5
Joint 6
Joint 4
Joint 1
Joint 2 Joint 3
Parallel linear
actuators
0
Figure 2.1. Manipulator joint definitions
(courtesy of Foster Miller Inc.)
Joints 1 and 2 control the yaw and pitch of the entire manipulator, respectively.
These two joints are controlled simultaneously by two parallel linear actuators at the base
of the manipulator as seen in Figure 2.1. Joint 3 is a translational joint that allows the
manipulator to extend or retract in a linear manner. At the end of this joint are three more
rotational joints allowing additional pitch, yaw, and roll motions of the payload. Using
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all six joints, the manipulator can move a payload through all 6 degrees of freedom in 3D
space.
Joints 4, 5, and 6 are direct-drive, meaning that the motions of the joint and the
motor actuating the joint are the same. Joints 1, 2, and 3, however, are highly geared.
For each of these three joints, an electric motor acts through an intermediate transmission
to turn a roller-screw. In joint 3, the roller-screw controls the motions of the translational
joint directly. In joints 1 and 2, however, two roller-screws act through the linkage
mechanism shown in Figure 2.1 to actuate these two joints simultaneously.
Payloads are secured at the end of the manipulator in different ways depending on
the nature of the payload. Lighter payloads can be secured using the two grippers shown
at the ends of the fork-tines attached to joint 6 in Figure 2.1. For heavier payloads, these
grippers can be removed and the payload can be lifted on top of a pallet using the fork-
tines themselves. Payloads for this manipulator range in mass from 0 - 3000 lbs.
The relevant sensing capability of the mechanical system includes the following:
1. One encoder at each joint (six total) to measure the joint positions.
2. Two inclinometers in the manipulator's base to measure pitch and roll due to
ship motions.
3. One 3D translational accelerometer in the manipulator's base to measure
acceleration of the manipulator due to ship motions.
4. One load cell installed in each of the manipulator's three roller-screw
transmissions (joints 1-3). Cells are inserted at the end of the roller-screws
nearest the joint and measure the axial force at the cell's location.
In designing the position control system for this manipulator, the following
assumptions about the physical system are made:
1. Payload motions are commanded manually by a human operator through a
joystick.
2. All payload motions are achieved through the individual or combined motion
of the six actuated joints defined in Figure 2.1.
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3. The mobile platform supporting the manipulator remains fixed relative to its
environment during all manipulator motions (though the environment may be
moving relative to the world).
4. All joints in the manipulator are back-drivable.
The reference frame for the manipulator is the "base" coordinate system defined in
Figure 2.2. An important reference point for the manipulator, called the "end-effector,"
is also shown in this figure. This virtual reference point is located at the end of the
manipulator's kinematic chain (end of link 6) and represents the controlled point for the
position control system in Cartesian space. The manipulator's payload is assumed to be
fixed at the end-effector.
Y
World
(fixed i
Y
"End-effector"
Z X (fixed to manipulator)
X Z.
coordinate frame
n inertial space)
Z (yaw axis)
Y (pitch axis) X (roll a
Base coordinate frame
(fixed to manipulator)
Figure 2.2. Definition of manipulator reference frames (adapted from
Foster Miller Inc.)
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xis)
2.3 Cartesian Control
During manipulator operation, the human operator uses joystick inputs to command
the payload's movement in space. The operator has the option of commanding the joints
individually or commanding the motion of the payload directly. In the latter case, the
commanded motion is for the payload only and contains no information about the
individual joint motions necessary to produce the desired motion for the payload. It is
therefore, the responsibility of the position control system to determine the joint motions
required to achieve the desired payload motion.
The domain of 3D space in which the payload motions are commanded is referred to
as Cartesian space. Similarly, the domain of possible joint movements for all of the
manipulator's joints is referred to as joint space. Commanding the payload's motion
directly is called Cartesian control [Sciavicco, et al, 2000] because the input to the
controller is given in Cartesian space as opposed to in joint space.
2.3.1 Resolved-Rate Control
In this design, a special form of Cartesian control is used called resolved-rate control
[Whitney, 1969]. In resolved-rate control, the input to the controller is a directed velocity
in Cartesian space (refer to Figure 2.3). This is the velocity in Cartesian space that the
human user wants the payload to follow. The resolved-rate controller uses its knowledge
of the manipulator's geometry to compute the joint velocities necessary to produce the
desired Cartesian velocity for the end-effector. The measured quantity at the joints,
however, is position rather than velocity, so the controller integrates the desired joint
velocities to find the desired joint positions. The controller now has both the desired and
the measured positions for each manipulator joint and can employ any number of joint
control methods to control the position of each individual joint. Figure 2.3 shows the
architecture of the resolved-rate algorithm.
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Commanded Commanded joint Commanded joint Joint position Commanded
payload velocity velocities positions error motor torques
Xdesired . adesired qdesired Aq Joint Tmotor
--- >Kinematics 
----- + dt Control
q measured
Measured joint
positions
Figure 2.3. Resolved-rate control architecture
The transformation from Cartesian velocity to joint velocity is computed using the
manipulator kinematics. The following section will discuss in greater detail the role of
the manipulator kinematics and how these equations are solved.
2.3.2 Manipulator Kinematics
This section is presented as a brief tutorial on manipulator kinematics. The
principles described here are well documented in the literature and can be found in most
current textbooks on robotic manipulation and control [Paul, 1981, Sciavicco, et al, 2000].
This thesis does not make or claim to make any contributions in this area.
The motion of the manipulator can be described by variables in joint space, Cartesian
space, or both. In joint space, the describing variables are the angular positions,
velocities, and accelerations of the manipulator's 6 joints. In Cartesian space, the
describing variables are the position, velocity, and acceleration of the manipulator's end-
effector. As mentioned in the previous section, solving the manipulator kinematics
allows transformation of these variables back and forth between Cartesian space and joint
space. The transformation between these two domains is purely a function of the
manipulator's geometry.
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The manipulator kinematic transformations can be separated into two parts: the
forward kinematics and the inverse kinematics [Sciavicco, et al, 2000]. The difference
between the forward and inverse kinematics is the direction of transformation. The
forward kinematics is used to transform from joint space to Cartesian space. In other
words, for a given set of joint angles, the forward kinematic equations are solved to find
the corresponding Cartesian position and orientation of manipulator's endpoint. This
relationship is described by Equations 2.1 - 2.3 below.
X =F(q) (2.1)
x
y
X = (2.2)
0,
q = 91,9,93,4,9596)'(2.3)
where q is the 6x1 vector of joint angles and X is the 6x1 vector defining the position
and orientation of the manipulator's endpoint in 3D space.
To compute the forward transformation of the velocities in the two domains, the
partial derivatives of the function F(q) are taken with respect to each joint q1 . The
resulting relationship can be written as follows:
dX dq
dt dt
24
ax ax
aq, aq,
(2.5)
aq, aq,
The matrix J is called the Jacobian matrix [Sciavicco, et al, 2000]. This matrix is a
function of the joint angles and therefore must be recalculated continuously as the
manipulator moves.
For serial manipulators, the forward kinematic transformation (Eq. 2.1) can always
be written in closed form. Solving the inverse kinematics, however, presents a more
difficult problem. The inverse kinematics is the forward kinematics performed in reverse,
allowing calculation of the joint angles based on the position and orientation of the
manipulator's end-effector. Multiple methods have been proposed to accomplish this
[Buss, 2004]. In this thesis, the inverse kinematic transformation is computed by the
inverse Jacobian method [Cheah, 2004]. The idea is that if the Jacobian matrix used in
the forward kinematics is square (as it is for this manipulator), then it can be inverted to
provide the inverse kinematic transformation for the velocities. The resulting relationship
is shown in Equation 2.6.
dq _ J1 dX (2.6)
dt dt
This method is the most direct and provides an exact solution for the joint velocities.
The joint positions can then be approximated through integration of the computed
velocities. An important drawback of this method, however, is that the Jacobian matrix
must be invertible for a solution to be found. In certain manipulator positions, the
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Jacobian matrix can become singular and thus cannot be inverted. Such manipulator
positions are called workspace singularities and are the topic of the next section.
2.3.3 Workspace Singularities
Depending on a manipulator's design, there may be certain poses in which the
manipulator's endpoint cannot move and/or rotate in a particular direction no matter how
the manipulator's joints move. When this happens, the Jacobian matrix involved in
calculating the manipulator's kinematics becomes singular and the inverse Jacobian
method cannot be applied [Cheah, 2004]. Manipulator poses that cause the Jacobian
matrix to become singular are called workspace singularities. Singularities generally
occur when multiple joint axes become parallel and/or the manipulator reaches the
fundamental limit of its physical reach (e.g. a fully-extended double-pendulum).
The intended operation of this manipulator is such that only a relatively small region
of its workspace is used. This means that most of the workspace singularities for this
manipulator will never be encountered and can therefore be ignored. In fact, there is only
one singular configuration that affects this manipulator's operation in practice. This
singularity occurs whenever joint 5 is rotated such that the axes of joints 4 and 6 become
parallel (refer to Figure 2.1). In this configuration, the manipulator loses one rotational
degree of freedom because it cannot "roll" the endpoint.
Because the position controller cannot compute the inverse kinematics at a
singularity, Cartesian control cannot be used in this location. Instead, the human operator
must command the individual joint velocities directly, bypassing calculation of the
inverse kinematics altogether. Although it is more difficult for the user to produce
complex payload motions in this manner, it will allow him/her to move the manipulator
through the singular configuration to a pose where Cartesian control can again be used.
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2.4 Joint Control
The discussion thus far has been concerned with calculating the joint trajectories
necessary to produce the manipulator motions commanded by the human operator. Once
the desired joint trajectories are known, the challenge then is to make the joints follow
these trajectories with sufficient stability and precision. This task is the responsibility of
the joint controllers.
For each of the manipulator's six joints there is an independent controller responsible
for the motion of that joint. Each of these joint controllers consists of a feedback loop
algorithm using a PID control law. The feedback signal is the angle of the joint measured
by the encoder sensor. This measured value is subtracted from the desired value to
compute the joint position error. Based on this computed error, the PID control law
calculates a motor torque to drive the joint toward its desired position. A diagram of the
joint control loop is shown in Figure 2.4.
qdesired Aq PID Joint T Joint qmeasured
Controller Dynamics
q measured
Figure 2.4. Joint control architecture
2.4.1 PID Control
All six joint controllers use a PID (proportional-integral-derivative) control law to
calculate the control torques from the error in joint position [Astrom, et al, 1995]. In its
most basic form, the PID algorithm computes the control torque as a linear function of
the position error, the time rate of change of the position error, and the integral of the
position error with respect to time. This is represented in the Laplace domain by the
following equation:
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K
TpID = (Kp + KDS + -'-)(qesired - qmeasured) (2.7)
S
where K,, KD, and K1 are constant gains.
The joint controllers in this design use a modified version of the basic PID algorithm
shown above. The first important modification involves the derivative term. Rather than
multiply the joint error's rate of change by a single gain as in Equation 2.7, the error rate
is instead separated into its two components (measured joint velocity and desired joint
velocity) and each component is multiplied by a separate gain. The form of the PID
algorithm therefore becomes the following:
-rpD = (Kp + K )(qesired - qmeasured )+ Kolsqdesi - KDsqmeasured (2.8)
S
Or equivalently:
pID = (K + KD1 + )(qdesired - qmeasured + (KD1 -KD2)sqmeasured (2.9)
S
The term (KDI - KD2)sqm,,e, behaves exactly like viscous damping and thus can be
used to add damping to the closed-loop system response. Increasing the gain in this term
increases the stability margins of the control system. The term K~s(qd,,,,,d - qmeasured)
simulates the effect of a dashpot connecting the joint to its desired position. Increasing
the gain in this term both quickens the rise time and reduces overshoot in the closed-loop
response to a step input, but also reduces the stability margins of the system. Treating
these two terms separately allows greater flexibility and control in tuning the system
response for each of the joint controllers while maintaining sufficient margins of stability.
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The second important modification to the basic PID algorithm involves the addition
of low-pass filtering to the derivative terms. Since the manipulator system does not
include any sensors to directly measure joint velocities, these quantities must be
calculated by taking the time-derivative of the measured joint positions. To prevent the
amplification of high-frequency noise in the measured signal, a "low-pass derivative"
operator is used to compute the joint velocities from the encoder measurements. This
operator and the resulting modified PID algorithm are represented in the Laplace domain
by Equations 2.10 and 2.11, respectively.
=1lOs (.0
100= qmeasured (2.10)
s+100
100s K 100s
pID = (K + KD1 + )(qdesired - +measured )+(KD1 -KD 2 ) q measured (2.11)s+100 s s+100
The last important modification to the PID algorithm serves to reduce the effect of
"integrator windup." While tracking large and/or long motions, sustained tracking errors
can cause the integral control term to become quite large. This can lead to excessive
overshoot at the conclusion of these motions. To reduce this windup effect, a saturation
limit is built into the calculation of the integral term as follows:
t
0 if K, Aqdt = S and Aq > 0
0
t+1
JAqdt= 0 if K, Aqdt = -S and Aq < 0 (2.12)
t 0
t +1
JAqdt otherwise
t
This freezes the growth of the error integral when the magnitude of the integral
control torque reaches a certain limit S. The saturation limits used in this design were
found empirically and are given in Appendix B.
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2.4.2 Gain Scheduling
The effective joint inertias are not constant. Rather, they change with both the
manipulator's pose and the inertial parameters of the payload being manipulated. The
effect of changing payloads is an issue of particular importance because this manipulator
is required to work with a wide variety of payloads ranging in weight from 0 to 3000 lbs.
This means that the joint dynamics can change radically from one manipulator task to the
next. To accommodate the large range of payloads without altering the basic joint
control architecture, the controller uses gain scheduling [Shamma, et al, 1990].
Gain scheduling requires that multiple complete sets of gains are developed for the
PID joint controllers. For this design, each set of gains is tuned for use with a particular
type of payload. Prior to operation with any payload, the manipulator's operator must
identify the intended payload to the control system. The control system will then consult
a database of predetermined PID gains and select the set of gains appropriate for that
payload. This allows the joint controllers to provide a stable and relatively consistent
response characteristic despite large changes in payload inertia between tasks.
2.4.3 Joint Modeling and Gain Tuning
To tune the response of each individual joint controller, an analytical model for each
of the manipulator joints was created. Each joint was modeled independently as a simple
planar rotational joint with an effective inertia Ji. This yields a second-order, SISO
(single input, single output) system with the input being the torque applied to the joint (Ti)
and the output being the position of the joint (qi). Expected disturbances such as gravity,
friction, and ship motions are not included in this model because the control system will
compensate for the effects of these disturbances independently (refer to Chapter 3). The
resulting system is illustrated in Figure 2.5.
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Figure 2.5. Joint model used in designing the PID joint controllers
The joint dynamics are expressed in the Laplace domain by the following transfer
function.
qi 1(2.13)
1, J~s2
To calculate the effective joint inertias, a manipulator pose is chosen to represent a
typical payload handling task. The manipulator dynamics are then modeled for this pose
using the standard matrix form as defined by Equation 2.14 [Sciavicco, et al, 2000].
M4 + C(q,q)q + G(q)= (2.14)
In the above formulation, the effective joint inertias J are the diagonals of the 6x6
inertia matrix M. To make calculation of this inertia matrix less complex, the gravity
vector and joint velocities can be set to zero. Equation 2.14 then reduces to the following
form:
M4 = -r (2.15)
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Finally, the Recursive Newton-Euler method [Sciavicco, et al, 2000] is applied to
calculate the matrix M and the diagonals are extracted to yield the effective joint inertias.
Having explicitly defined the transfer functions for the joint controllers and the joint
dynamics, the joint control loop in Figure 2.4 can be updated as follows:
q i desired Aqi
qi measured
Dli S+100 KjI+
1 qi measured
+s 21-]
( KDi -KD 2 i)
s +100
Figure 2.6. Joint control architecture with transfer functions defined
This joint control loop can be reduced and expressed as the following closed-loop
transfer function relating the desired joint position qidesid to the measured joint position
qimeasured '
q i desired qi measured
Figure 2.7. Reduced closed-loop transferfunction for joint control
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KD1is2 +Kp s+K,,
Jis3 +KD2 s 2 +Kp s+K
Now that the open-loop and closed-loop transfer functions have been defined,
standard analysis tools can be applied to help find gains for the PID joint controllers that
will yield the desired dynamic response [Astrom, 1995]. In the frequency domain, this
includes the root locus, open-loop bode plot, and the closed-loop bode plot. In the time
domain, analysis tools include the step-response and ramp-response. The root locus is
used primarily to observe the damping ratio for the closed-loop response and also in
conjunction with the open-loop bode plot to compute the stability margins. The closed-
loop bode plot is used primarily to compute the bandwidth of the closed-loop system.
The step-response and ramp-response were used to observe the characteristic responses
of the closed-loop system to these input types.
Suitable gains for this system were found empirically while targeting two conditions.
The first condition was a damping ratio of approximately 0.7 to provide a slightly under-
damped response. It was decided that a modest amount of overshoot can be tolerated in
exchange for giving the user the more responsive feel (i.e. faster rise time) that results
from an under-damped design. The second condition was an upper limit for the
controller's bandwidth determined by the manipulator's structural resonance properties.
This limitation on bandwidth is discussed in greater detail in the next section.
The final joint controller designs have infinite gain margin and phase margins of 80-
120 degrees. These stability margins are higher than is necessary for safety. This is a
product of the strict bandwidth limitations imposed on the joint controllers by the
structural resonance characteristics of the physical system. These bandwidth restrictions
are the limiting factor in the joint controllers' performance.
2.4.4 Structural Resonance and Controller Bandwidth
Approximating the manipulator as a system of rigid links greatly simplifies the
process of modeling and analysis. In reality, however, the manipulator is not a perfectly
rigid system but rather a flexible system with multiple resonance modes. To guarantee
the position controller's stability without including these resonance modes in the analysis
model, the control system's bandwidth must be kept safely below the manipulator's
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lowest resonance frequency [Townsend, 1972]. Limiting the bandwidth in this way
guarantees that the control system cannot excite any of the manipulator's resonance
modes.
The controller bandwidth is defined as the frequency at which the magnitude of the
closed-loop transfer function drops below -3dB. The bandwidth essentially marks the
upper limit of the controller's range of operational frequencies. To ensure stability, the
controller must attenuate any command inputs at or near a resonance mode for the
controlled system. A widely accepted rule of thumb states that a safe margin of stability
can be ensured by limiting the controller's bandwidth to one "decade" (one order of
magnitude) below the physical system's lowest structural resonance frequency [Book,
1974].
For the controller presented in this thesis, data was obtained from the manipulator's
designer providing the system's structural resonance modes for operation with each of the
payload types considered in this analysis. In tuning the PID joint control gains for each
payload type, the bandwidth was placed approximately one decade below the
manipulator's estimated lowest structural resonance mode for that payload. This ensures
that the controller cannot excite any of the system's structural resonances during
operation.
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CHAPTER
3
COMPENSATING FOR DISTURBANCES
3.1 Introduction
As discussed in Chapter 1, the most critical challenges in this control system design
come from the large and generally unpredictable dynamic disturbances acting on the
manipulator. These disturbances include, but are not limited to, the effects of gravity,
base motions, and joint friction. As will be shown in Chapter 4, any one of these
disturbances is enough to make the manipulator fail to meet its target specifications if not
effectively compensated by the position control system.
The basic Cartesian and joint control architecture described in Chapter 2 does not
attempt to model the effects of disturbances in the physical system. To estimate and
compensate for these disturbances, therefore, it is necessary to include additional
algorithms in the position control system. The function of these compensation algorithms
is to counter the effects of any disturbances in the joints such that the manipulator
behaves more like the purely linear system assumed in the design of the PID joint
controllers. This chapter describes the various disturbance estimation and compensation
methods used to perform this function.
3.2 Compensating for Gravity
Of the various compensation challenges encountered in this design, compensating for
gravity is the most straightforward. The solution uses a feed-forward approach that
assumes full knowledge of the manipulator's kinematics, link masses (including payload),
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and the gravity vector. Assuming zero joint velocities, the manipulator dynamics can be
written as follows:
M4 + G(q)= r (3.1)
where G(q) is a 6x1 vector representing the joint torques due to gravity acting on the
manipulator and its payload.
The vector G(q) is calculated online either in closed-form or using the recursive
Newton-Euler method. The static effects of gravity are then effectively canceled by
reversing the signs of the torques in G(q) and adding them to the commanded torques for
each joint [Sciavicco, et al, 2000]. Figure 3.1 illustrates the flow of information involved
in the gravity compensation process.
q desired A q PID Joint T PID o qmeasured
ContrllersManipulator
Conrole+ Dynamics
'gravity
q measured
Figure 3.1. Joint control with feed-forward gravity compensation
gravity is the 6x1 vector of computed gravity compensation torques. The accuracy of
the gravity compensation depends on how accurately the manipulator's kinematic and
mass parameters are known (payload included). If there are errors in these parameters,
the computed compensation torques will not perfectly counteract the effects of gravity
and this error will be seen as a disturbance in the system. It is therefore very important
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that kinematic parameters of the manipulator and its payload are accurately known by the
position controller.
3.3 Compensating for Ship Motions
As mentioned in Chapter 1, this position control system is designed for a
manipulator operating on the deck of a large ship at sea. Because the manipulator's base
is fixed to the ship's deck during operation, the motions experienced by the ship are
likewise experienced by the manipulator. These base motions impart both translational
and rotational accelerations on the manipulator and its payload. In addition, the
rotational components of the motions cause the manipulator to rotate with respect to the
gravity vector. If these rotations are not accounted for, large errors in the gravity
compensation torques will result.
To compensate for the effects of ship motions, the control system uses the array of
accelerometers and inclinometers in the manipulator's base to augment the gravity
compensation algorithm described in the previous section [Sciavicco, et al, 2000,
Agostini, et al, 2002, Love, et al, 2003]. The approach here is to model and compensate
for the rotations and translational accelerations caused by ship motions exactly like the
acceleration caused by gravity. Because this method uses a quasi-static model of the
manipulator, it does not compensate for rotational accelerations, nor does it account for
centripetal or coriolis effects. Fortunately, the manipulator operates exclusively on large
ships where the rotational motions have relatively small amplitudes (< 13 degrees) and
long periods (> 10 seconds). The uncompensated effects due to angular motions are not
expected to be large enough to significantly degrade the performance of the position
control system. This claim is validated by the simulation results presented in Chapter 4.
The compensation for ship motions is implemented by factoring the measured ship
motions into the calculation of the gravity compensation torques. To begin, the gravity
vector is pulled out of the vector G(q) as follows:
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Tgraviy = -G'(q)g
where g is the 3x 1 gravity vector in the manipulator's base coordinates.
Inclinometers in the manipulator's base measure the pitch and roll of the manipulator
relative to the world coordinates and rotate the gravity vector accordingly. Yaw motions
are neglected because it is assumed that the ship will maintain a constant heading during
manipulator operation and yaw motions due to sea state will be very small. The rotated
gravity vector is represented as follows:
-rvt G'(q)R(Opt, I ,r,11)g (3.3)
where R(pitch Or,) is a rotation matrix that transforms the gravity vector from world
coordinates to the manipulator's base.
Accelerometers in the manipulator's base measure the translational acceleration
experienced due to the ship motions. This measured acceleration is then added to the
rotated gravity vector as follows:
Tgraviy = -G'(q)(R(Och,,0r, 11)g +ahZP) (3.4)
where aship is the 3x1 vector of translational ship accelerations measured in the
manipulator's base coordinates.
To statically compensate for the combined effects of gravity and ship motions, the
joint torques in T gravity are fed-forward to the commanded joint torques as shown in
Figure 3.2. In the ideal case where the manipulator/payload parameters and sensor
measurements are 100% accurate, the compensation torques will perfectly cancel the
effects of gravity and the translational accelerations caused by ship motions. Any errors
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(3.2)
in the model parameters and/or sensor measurements, however, will affect the accuracy
of the compensation torques and cause a dynamic disturbance in the system.
q desired A q PID Joint TPJD T Manipulator qmeasured
100 Controllers Dynamics
' gravity
q measured 
-G'(q)(R(0 pitch roll ) + aship
Figure 3.2. Joint control with feed-forward gravity and ship motion compensation
3.4 Modeling Joint Friction
It is important to have a good understanding of the joint friction in the system, both
for simulating the physical system and for selecting a suitable compensation scheme.
Understanding the joint friction means identifying the torque profile of the friction and
which system variables, if any, are involved in its determination. This section describes
the two basic friction models that are used to simulate joint friction in the manipulator.
These models are approximations of the true friction behavior and are based on literature
research [Dupont, 1993, Olsson, et al, 1998] and limited experimental data from the
manufacturers of the manipulator system and mechanical components.
3.4.1 Static-Load-Dependent Model (Joints 1-3)
The first three manipulator joints use transmissions to amplify the torque produced
by their electric motors. It is assumed that the motor bearings and transmissions are the
dominant sources of friction in these joints. Friction in the joint bearings is estimated to
39
be at least an order of magnitude lower than that in the motor bearings and transmissions
and is therefore neglected in this analysis.
The transmissions for joints 1-3 include roller screws that convert the motor torques
into linear forces (refer to Section 2.2). These screws are expected to produce coulomb
friction that varies with the amount of load placed on the screws. As seen at the motor
shaft, the friction from the screws is modeled as follows:
Tscrews = -a1 F,,asgn(4) (3.5)
where Fload is the static axial load on the roller screw, q is the motor velocity, and a, is a
constant.
The friction from the motor and the intermediate transmission is approximated by a
constant coulomb term and a velocity-dependent viscous term as follows:
,"motor+ gear ( 2 + a 3141)sgn(4) (3.6)
where a 2 and a 3 are constants.
Without modeling any other effects, the total joint friction for joints 1-3 would thus
be described by the following relationship:
Tfriction =~-(aFIad + a 2 + a 3141) sgn(4) (3.7)
Based on prior research [Dupont, 1993], however, it was determined that the above
linear representation of coulomb friction would be insufficient since it neglects a
common and potentially significant nonlinear effect known as stick/slip. Stick/slip refers
to the sudden nonlinear drop in coulomb friction that can occur when the contact surfaces
transition from the "stick" condition (no relative motion) to the "slipping" condition
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(relative motion). To model the stick/slip effect, the two coulomb friction terms in
Equation 3.7 are multiplied by the nonlinear shaping function below [Armstrong, et al,
1994]:
S() =# + #32 e~93141 (3.8)
where #l, #2, and #3 are constants that satisfy the conditions1 I +#32= 1 and/33 >0.
The resulting complete friction model for joints 1-3 is as follows:
Tfnction = -[(a 2 + alFload )S(4)+ a 3 141]sgn(4) (3.9)
The function S(4) is equal to unity at zero velocity, so the "breakaway" friction (i.e.
the maximum friction at zero velocity) remains unchanged from Equation 3.7. As the
velocity increases, however, the function decreases exponentially, simulating an overall
reduction in the coulomb friction by (82*100)%. This technique models a form of
stick/slip behavior known as the Stribeck effect [Olsson, et al, 1998]. The general shape
of this friction profile is illustrated in Figure 3.3 for a given static load Fload.
A
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q
Figure 3.3. Stribeck effect in the static-load-dependent friction model
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The parameters a,, a2, a 3, 81, /2, and 83 are estimated using data from the
manipulator's designer. The parameter values used in the analysis and simulation of this
position controller are given in Appendix C.
3.4.2 Torque-Dependent Model (Joints 4-6)
Unlike the manipulator's first three joints, joints 4-6 use direct-drive motors and thus
do not have transmissions. The only significant source of friction in these three joints is
the motors themselves. The motors that drive joints 4-6 are very different in nature than
those driving joints 1-3. These motors produce 100 to 1000 times more torque and are
unique in design. The motor friction is therefore also unique and cannot be approximated
by the same models used for joints 1-3.
Using experimental data provided by the motor designers, it was determined that the
motor friction is dependent on three variables: joint velocity, commanded motor torque,
and the peak-torque rating for the motor. From the data provided, it was determined that
the total friction is best approximated by a linear dependence on joint velocity and a
quadratic dependence on the commanded torque. In addition, the friction profile as a
whole was found to scale linearly with the peak torque rating for the motor (joints 4-6 use
differently sized versions of the same motor type). Additional nonlinear effects such as
stick/slip did not appear to be significant from the data provided. Combining all three of
these dependencies results in the following empirically-determined friction model:
Vfriction = -(1+0 141)(U 2 + O3 |rmo,o, I +a4'motor 2) sgn(4) (3.10)
The values of the parameters o-, 0-2, C"3, and c-4 for each joint were derived from the
available motor data and are given in Appendix C.
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3.5 Sensor-based Friction Compensation (Joints 1-3)
The control system compensates for friction in all six joints by using motor torques
to counter the effects of friction. The effectiveness of this method directly depends on
the controller's ability to identify the magnitude of the friction torque in each joint. The
simulated friction models described in Section 3.4 are merely approximations of the
expected friction derived from prior research and the limited experimental data available
for this manipulator. These models cannot be relied upon to provide sufficiently accurate
estimates of joint friction in the real system. For joints 1-3, the position controller instead
relies on a system of sensors to help estimate the joint friction online during manipulator
operation.
3.5.1 Friction Estimation Using Load Cells
As mentioned in Section 2.2, joints 1-3 are each actuated by electric motors acting
through an intermediate transmission to turn a roller screw. Also recall that load cells are
installed in each of the three roller screws at the ends furthest from the motors as
illustrated in Figure 3.4. Each load cell measures the force at its location in the
transmission.
If no mechanical losses occur between the motors and the load cells, then the forces
at the load cells will equal the commanded motor torques multiplied by the gearing ratio
(including the screw) as follows:
FLoadcell motor (3.11)
where r is the gear ratio of the intermediate transmission and L is the screw lead.
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Figure 3.4. Location of load cells in joints 1-3
(adapted from Foster Miller Inc.)
However, because there is friction in the system, the forces measured by the load
cells will actually be reduced by some amount. Equation 3.11 thus becomes the
following:
2gr 2;rr
roadce Tmeasured - = ( motor f riction
L L
(3.12)
Tmeasured represents the amount of motor torque that is actually delivered through the
transmission after the effects of friction. The difference between Tmotor and Tmeasured is
defined as Tfricti.o. TfriCtion is assumed to be the total amount of motor torque lost to friction
between the motor and the location of the load cell. Since all other quantities in Equation
3.12 are known or measured, this equation can be solved for the values of Tmeasured and/or
Tfriction-
It is important to note that the above technique only provides an estimate of the
friction occurring from the load cell up to and including the motor. Any losses occurring
44
between the load cell and the joint itself (due to friction in the joint bearings, etc.) are
outside the feedback loop and will not be detected. As previously stated, however, these
losses are expected to be negligible compared to those experienced in the motors and
transmissions.
3.5.2 Torque Control
Using the load cell measurements as feedback, torque control loops are formed
around the motors and transmissions in joints 1-3 to compensate for the effects of friction
[Luh, et al, 1983, Pfeffer, et al, 1989]. The torque controllers calculate the motor signal
necessary to make the error between the desired torque and the measured output torque
equal to zero. The form of the control loops is illustrated in Figure 3.5.
The torque controller uses a linear PI (proportional/integral) control law to drive the
torque error to zero. Referring to the quantities defined in Figure 3.5, the torque control
law is represented by the transfer function below:
K1 ( IK s +1)
'motor = K + KI (3.13)
Ar s s
where K, and K1 are constant gains different from those defined in Section 2.4.1.
The motor/transmission dynamics block in Figure 3.5 accounts for the loss of torque
due to friction in these elements of the joint. For analysis, this torque loss can be
represented as a disturbance affecting Tmotor. The blocks representing the
motor/transmission dynamics and the load cell sensor in Figure 3.5 can then be combined
and reduced to yield the simplified block diagram shown in Figure 3.6.
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Figure 3.5. Torque control architecture (joints 1-3)
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Figure 3.6. Simplified representation of the
torque control architecture
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Treating friction as a disturbance, the resulting closed loop transfer function for the
torque controller is written as follows:
Tmeasured _ Ks + Ki
"desired (Kp + 1)s + K,
(3.14)
The root locus for the open-loop system is shown in Figure 3.7. The torque
controllers are stable for positive values of K'-. Increasing the gain raises the controller
K,
bandwidth. The system is first-order and well-behaved.
jw
K,
K,
Figure 3.7. Root locus for the PI torque controllers
The joint controllers were designed in Chapter 2 without regard to the dynamics of
these inner torque control loops. For the design of the joint controllers to remain valid,
therefore, it is necessary that the torque control loops operate at a sufficiently higher
bandwidth than the joint controllers. This will ensure that the torque control dynamics
are effectively "invisible" to the joint controllers. Here, the torque control gains Kp and
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K1 were selected to give the torque controllers a bandwidth approximately ten times
higher than that of the joint position controllers. The gain values used in simulation are
listed in Appendix B.
3.6 Adaptive Friction Compensation (Joints 4-6)
Joints 4-6 do not have torque sensors installed and thus cannot rely upon a sensor-
based friction compensation scheme. Instead, an adaptive algorithm is used to estimate
and compensate for the friction in these joints. The adaptive estimation allows the
position controller to estimate the magnitude of the joint friction online and in real-time.
This is done without any sensors or predetermined model parameters for the joint friction.
As a result, the adaptive estimation is robust to un-modeled effects and changes in the
friction parameters over time.
The adaptive algorithm used to estimate joint friction in joints 4-6 was originally
proposed by Friedland and Park for the purpose of identifying friction in mechanical
joints [Friedland, et al, 1992]. This method has been shown in several different works to
provide accurate online estimation of friction in position control systems [El-Roy, et al,
1995, Amin, et al, 1997, Kim, et al, 2002]. Like most adaptive algorithms, the Friedland-
Park algorithm is based around a dynamic model of the joint. The joint model assumed
in the formulation of this method is shown in Figure 3.8. In this model, the total torque
acting on the joint is the sum of an applied torque riapplied and a disturbance torque
Tfr iction. The effects of gravity and ship motions are ignored in this formulation because
they are assumed to be compensated for independently.
The function of the Friedland-Park algorithm is to identify the magnitude of the
disturbance rcto. It is assumed for analysis that rriciO, is entirely the result of joint
friction. In reality, this torque may also include small contributions from random
disturbances (wind, etc.) and errors in the gravity and ship motion compensation. As will
be discussed later in this section, the presence of these additional uncompensated
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disturbances can confuse the adaptive estimators and cause their output to misrepresent
the true joint friction.
Ti applied friction
--- -~ qi
Figure 3.8. Joint model for the formulation of the Friedland-Park estimation method
The Friedland-Park algorithm assumes that fr,,,,on is the instantaneous friction
torque acting on the joint. This torque is modeled as a variable magnitude a, multiplied
by the sign of the joint velocity as follows:
,*ifriction = a, sgn(4) (3.15)
It is assumed that Tiapplied is the torque applied through the motor by the position
control system (minus gravity and ship motion compensation). This applied torque
consists of two terms: the PID control torque plus a friction compensation torque as
shown below.
iapplied iPID i friction (3.16)
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The friction compensation torque fici, is the adaptive estimator's current estimate
of the instantaneous joint friction r1 f,,,,,o . Following the form of Equation 3.15, this
torque is written as follows:
f,,,,on = i sgn(4,) (3.17)
The instantaneous joint friction is therefore estimated for each joint i by identifying
the single parameter a. which is an estimate of the friction magnitude ai in Equation
3.15. The function of the adaptive algorithm is to compute the estimates a, in real time
during manipulator operation. Using these estimates, the friction compensation torques
T friction for joints 4-6 are computed and fed-forward into the commanded motor torque to
counteract the effects of joint friction.
The estimate a, is computed in real time using the following adaptation law:
i = z, -Jikilqll'
±, =ky Ip,|V -1[tilid - fi,] sgn(4)
(3.18)
(3.19)
where J, is the effective joint inertia, ki and pi are positive gains selected by the
designer, and z, is an intermediate variable.
By substitution of Equations 3.16 and 3.17, Equation 3.19 reduces to the following:
, = ki p4|'~ riPID sgn(4 )
Figure
(3.20)
3.9 shows the joint control architecture with adaptive estimation and
compensation for joint friction.
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Figure 3.9. Joint control architecture with adaptive friction
estimation and compensation
The proof of convergence for the Friedland-Park algorithm employs the Lyapunov
theorem and can be found in the reference materials [Friedland, et al, 1992]. The
important result of this proof is that the estimation error e a - a converges to zero
according to the following equations:
ei = a, - ai (3.21)
ei = ai - ki,|ij4ijI e (3.22)
This result guarantees that the estimate a, will continue to track the true value a,
with zero steady-state error provided there is sufficient excitation of the joint (i.e. 4, >0 ).
The amount of joint excitation required for satisfactory convergence is a function of the
gains ki and pu. The practical limits on these gains vary with each joint. The values
used for k and pi in this system were determined empirically in simulation by
observing compensator performance and are given in Appendix B.
As previously mentioned, the adaptive estimator does not distinguish between
disturbance torques caused by joint friction and disturbance torques from any other
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source. The joint model simply assumes that any joint torque that is not accounted for in
'Tiapplied is due to friction. As a result, any additional uncompensated disturbances (due to
wind, errors in the gravity compensation, etc.) are perceived as friction and included in
the friction estimate. This is advantageous in the sense that the additional disturbances
are consequently compensated for along with the joint friction. The disadvantage,
however, is that the inclusion of these additional torques can cause the friction estimates
to misrepresent the true joint friction. As will be discussed in the following section, this
can present a problem when the manipulator contacts the environment and the adaptive
estimation must be turned off.
3.7 Contact Forces and Friction Model Extraction
Disturbances such as friction and gravity are finite and thus can be counteracted by
applying equal and opposite torques to the joints. This is not necessarily the case with
disturbances that result from the manipulator coming into contact with the environment.
Certain objects in the manipulator's environment are assumed to be rigid and therefore no
amount of force will allow the manipulator to pass through these objects.
As discussed in Section 3.6, the adaptive estimators on joints 4-6 do not distinguish
between joint friction and other uncompensated disturbances. The adaptive
compensation will perceive the contact forces as additional joint friction and attempt to
compensate. As a result, the friction estimates generated by the adaptive estimators will
no longer represent the true joint fiction. Furthermore, the adaptive compensation will
effectively try to force the manipulator through the object it is in contact with,
commanding an infinitely increasing amount of torque from the joint motors.
To prevent this scenario from occurring, adaptive estimation must be temporarily
deactivated during portions of manipulator operation that require contact with the
environment. During these intervals, the control system switches to a feed-forward
method of friction compensation for joints 4-6 using a temporary estimated model of the
friction as shown in Figure 3.10. This can also be done for joints 1-3, although it is not
fundamentally necessary.
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Recorded Data Friction Model
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Figure 3.10. Joint control with feed-forward friction
compensation using models extracted from estimator data
The general form of the estimated friction models is predetermined, but the exact
parameter values are not. Instead, the parameter values for the model are identified for
each joint online using recorded friction estimates Tf,ction(t) from the adaptive estimators
(or torque controllers). New parameters may be identified each time the adaptive
estimators are deactivated, discarding the previous models. This ensures that the feed-
forward friction models always reflect the most recently observed dynamics.
The process of extracting a joint friction model requires recorded estimates of the
friction magnitude and any independent variables that appear in the assumed model.
Independent variables are limited to those that are either known or measured by the
system during operation ( q , 4, Tor , etc.). The parameters of the model are then
identified by performing a curve-fit of the recorded date to the assumed form of the
friction model. Section 4.3.6 presents an example of this procedure for joint 6 using
simulation data.
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CHAPTER
4
SIMULATION RESULTS
4.1 Introduction
System hardware was not available for testing at the time of this thesis. The
performance of the position controller was instead evaluated through extensive modeling
and simulation. This chapter presents the results of various simulation studies that
examine the controller's ability to track commanded motions in representative
operational scenarios.
4.2 Simulation Setup
The mechanical system is simulated by a dynamic model of the manipulator
constructed in MSC.ADAMS®. This dynamic model contains the geometry and inertial
parameters for the manipulator and a given payload based on the available manipulator
design data. The model should therefore accurately represent the kinematics and basic
inertial dynamics of the real system. The model also includes a gravity field that is used
to simulate the effects of gravity and ship motions.
The position control system is modeled in Simulink®. To simulate manipulator
control, a desired path is generated for the manipulator's end-effector. This path can be
of the form Xdesired(t) (for Cartesian control) or qd,,id (t) (for direct joint control), or it
may contain segments of both forms. The time-derivative of this path is given to the
control model to simulate a series of velocity command inputs from the operator. During
simulation, the control system model computes the joint torques T(t) necessary to
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produce the end-effector path corresponding to these velocity commands. The nonlinear
dynamic equations generated from the ADAMS manipulator model take the joint torques
as inputs and return the resulting joint motions. This process is illustrated in Figure 4.1.
Xdesired (
o desired W
Simulink 
_ ) ADAMS Manipulator q
Control Model Model
Figure 4.1. Structure of the position control simulation process
Because the ADAMS manipulator model does not include the effects of joint friction,
friction must be calculated within the Simulink model and factored into the output torque
T(t). The friction torque for each of the joints is calculated using the models described
in Sections 3.4.1 and 3.4.2. The computed friction torque is then added to the output of
the position controller to produce T(t). The result is that the effects of joint friction are
included in the output torque T(t).
Unless otherwise specified, the studies presented in this Chapter make the following
modeling assumptions:
1. The geometric and inertial parameters of the manipulator and its payload are
exactly known by the position controller.
2. All sensor measurements are 100% accurate and noise-free.
3. All simulated command inputs Xd,d(t) are smooth (i.e. contain no
discontinuities or high-frequency inputs).
4. The manipulator does not make contact with any objects in the environment.
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5. There is no simulated ship motion.
6. Joint motors deliver commanded torques perfectly and instantaneously
("torque ripple" effects are neglected).
4.3 Simulation Results
4.3.1 Representative Heavy-Payload Task
The manipulator system is designed for a maximum operational payload of 3000 lbs.
This payload represents a critical challenge for the position control system for two
reasons. First, the large payload mass lowers the structural resonances of the mechanical
system and consequently the joint controllers are limited to a lower bandwidth for this
payload than for any other payload. Second, the friction magnitudes in all joints increase
as the payload mass increases and thus are at a maximum for this payload. For these
reasons, the 3000 lb payload represents a type of "worst case" condition for the position
control system. An important step in validating the design of the position controller is to
show that the target performance specifications for this scenario can be met.
Using input from the designers of the mechanical system, a Cartesian trajectory was
derived to represent the commanded motions of the manipulator's end-effector during a
typical 3000 lb payload task. The representative commands include payload
repositioning and vertical insertion of the payload into a hole. Figure 4.2 shows the path
that the end-effector is commanded to follow relative to the manipulator's base
coordinate system.
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Figure 4.2. End-effector trajectory in base-coordinates
for the representative heavy-payload task
The sequence of manipulator motions for the representative heavy-payload task is
described as follows:
" A: Starting position. Manipulator is extended horizontally. Joint 5 is at a
30' angle to avoid a singular configuration.
" A-B: Payload is lowered approximately 0.1 meters vertically in 2 seconds.
* B+C: Payload is translated diagonally up and to the side (approximately 0.6
meters total). 8 seconds of motion followed by 2 seconds of settling time.
* C+D: Joint 5 is rotated 600 (axis of joints 4 and 6 are now perpendicular).
8 seconds of motion followed by 2 seconds of settling time.
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" D->E: Payload is translated laterally 0.127 meters (5 inches) in 4 seconds
and then raised vertically 0.102 meters (4 inches) in 4 seconds followed by 2
seconds of settling time.
" E-F: Payload is raised an additional 0.025 meters (1 inch) vertically. 5
seconds of motion followed by 4 seconds of settling time.
The target performance specifications for the position controller during the heavy-
payload task are as follows:
Table 4.1. Target performance specifications for
the representative heavy-payload task
Max. Translational Error Max. Orientation Error
Motions A - E: 2.5 cm 50
Motion E - F (insertion): 1.0 cm 10
The time-derivative of the representative heavy-payload trajectory was input to the
position control model and a full dynamic simulation was run with a 3000 lb payload
attached at the end-effector. Figure 4.3 shows the Cartesian tracking error as the position
controller tracked the trajectory in simulation.
The Cartesian tracking results for the representative heavy-payload task are
summarized below:
Table 4.2. Tracking error results for the
representative heavy-payload task
Peak Translational Error Mean Translational Error
Motions A - E: 2.28 cm
Motion E - F (insertion): 0.45 cm
All Motions: 2.28 cm 0.7 cm
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Heavy-Payload (3000 lb) Representative Task: Cartesian Tracking Error
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Figure 4.3. Translational end-effector tracking error
during the representative heavy-payload task
The largest tracking error prior to position E is 2.28 cm, occurring during the large
lifting motion between positions B and C. This falls within the target maximum limit of
2.5 cm for this portion of the task. The peak tracking error during motion E4F (payload
insertion) is less than 0.5 cm. This falls within the target limit of 1.0 cm for this motion.
The position controller meets the target performance specifications on the Cartesian
tracking error for this task.
The only significant orientation error during this simulation occurs about the end-
effector's yaw axis during motion C-D. The only joint involved in this motion is joint 5
and the angular tracking error during the task is dominated by the position error in this
joint. Figure 4.4 shows the angle of joint 5 throughout the simulated task. The peak
angular tracking error is less than 1, which is well within the target limit for this task.
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Heavy-Payload Representative Task: Joint 5 Position
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Figure 4.4. Position ofjoint 5 during the
representative heavy-payload task
To demonstrate the effectiveness of the friction compensation employed by the
position controller, two simulations were run with the same trajectory. In one simulation,
friction was completely removed from the simulated manipulator dynamics. In the other
simulation, friction remained in the simulated dynamics but all friction compensation was
removed. The resulting Cartesian tracking error for all three simulations is shown in
Figure 4.5.
As these results show, the friction compensation allows the mechanical system to
behave very nearly like a frictionless system. Without compensation, however, joint
friction in the system causes a dramatic reduction in tracking performance, increasing the
Cartesian error by nearly a factor of 10 in some parts of the trajectory and exceeding the
target limit. This result demonstrates the critical importance of effective friction
compensation in the successful operation of this system.
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Heavy Payload Tracking Error Results Friction Comparison
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Figure 4.5. Comparison of tracking error with
and without friction compensation
4.3.2 Representative Light-Payload Task
While the manipulator is rated for payloads up to 3000 lbs, the majority of its
operational time will be spent working with lighter payloads ranging in mass between
100-400 lbs. To study this type of "light-payload" task, input from the system designers
was used to define a second representative trajectory consisting of typical task motions
for a payload in this range. This representative trajectory involves only payload
repositioning (i.e. no insertion motion). The path that the end-effector is commanded to
follow for the light-payload representative task is shown below in the manipulator's base
coordinate system.
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Figure 4.6. End-effector trajectory in base-coordinates
for the representative light-payload task
The sequence of manipulator motions for the representative light-payload task is
described as follows:
" A: Starting position. Manipulator is extended horizontally. Joint 5 is at a
30' angle to avoid a singular configuration.
* A+B: Payload is raised vertically approximately 0.75 meters (25 inches) in
5 seconds followed by 2 seconds of settling time.
* B-C: Joint 6 is rotated 1800 under direct joint control in 25 seconds
followed by 1 second of settling time.
* C+D: Joint 5 is rotated 450 and joint 1 is rotated simultaneously 150 under
direct joint control. (joint 6 is now parallel to the X axis). 9 seconds of
motion followed by 1 second of settling time.
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" D-E: Joint 6 is rotated 300 under direct joint control in 5 seconds followed
by 1 second of settling time.
" E-F: Payload is simultaneously raised 0.33 meters (13 inches) vertically
and translated 0.127 meters (5 inches) laterally under Cartesian control. 5
seconds of motion followed by 2 seconds of settling time.
The target performance specifications for the position controller during the light-
payload task are stated in Table 4.3.
Table 4.3. Target performance specifications for
the representative light-payload task
Max. translational error Max. orientation error
All Motions: 2.5 cm 50
The time-derivative of the representative light-payload trajectory was input to the
position control model and a full dynamic simulation was run with a 344 lb payload mass
attached at the end-effector. Figure 4.7 shows the Cartesian tracking error as the position
controller tracked the representative light-payload trajectory in simulation.
The Cartesian tracking results for the representative light-payload task are
summarized in Table 4.4.
Table 4.4. Tracking error results for the
representative light-payload task
Peak Translational Error Mean Translational Error
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All Motions: 1.52 cm 0.32 cm
Light Payload (344 1b) Representative Task: Cartesian Tracking Error
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Figure 4.7. Translational end-effector tracking error
during the representative light-payload task
The peak Cartesian tracking error is 1.52 cm occurring during the initial 75 cm
vertical motion. This is a particularly difficult motion because it requires large
movements from multiple joints at once. It is reasonable to expect large tracking errors
from the position controller during this motion. Even so, the controller's performance
meets the target specifications on Cartesian tracking error for this task.
The dominant sources of angular tracking error during this task are the joint rotations
occurring between positions B and E. These motions involve joints 1, 5, and 6 only. The
angles of these joints throughout the task are shown in Figure 4.8. The peak joint error is
1.040, occurring in joint 6 during motion B->C approximately 47 seconds into the task.
This is well within the target limit for angular tracking error in this task.
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250.0 ____ ____-____- ___ _-
angle_1.Q
-angle 5.G
1- -- -- - - --200.0
-50.0
(D 100.0 /
0.0 *
-50.01T f
A B C D E F
Figure 4.8. Position ofjoints 1, 5, and 6 during
the representative light-payload task
4.3.3 Resolution Study
In the context of manipulator control, resolution is a metric of the smallest
commanded motion that the position controller can respond to with sufficient accuracy.
Resolution is particularly important for this system due to the limits of human operators.
It will be virtually impossible for a human operator to supply the perfect commands to
complete each desired motion in a single move, as is done in simulation. In reality, the
first set of inputs for a given motion will likely only get the manipulator close to the
desired position. The operator will then need to command one or more small adjustments
to place the manipulator at the exact desired position. It will therefore be important that
the position control system have sufficient resolution to make such small corrective
motions possible.
A simulation study was conducted to test the position controller's ability to track
commanded translations 1 cm in magnitude. The position controller was given an end-
effector trajectory consisting of a 0.15 Hz square wave along the Y axis in base
coordinates. A simulation was then performed with a 344 lb payload attached at the end-
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effector. For comparison, the same simulation was the repeated with friction
compensation deactivated. The lateral tracking error for both simulations is shown in
Figure 4.9 below.
Resolution Study: Tracking a 1cm Square Wave
-15.0
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- Response Wthout Friction Compensation
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.0
0
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Time (sec)
Figure 4.9. End-effector tracking a 1cm square
wave with and without friction compensation
The results show that the position controller is able to respond to the commanded
trajectory with a reasonable amount tracking error (< 3mm). This demonstrates the
controller's ability to perform fast corrective motions as little as 1 cm in magnitude. The
results also demonstrate again how important effective friction compensation is to the
controller's capability. Without friction compensation, the control system is virtually
unresponsive to a 1cm Cartesian trajectory at this frequency. The commanded motions
would need to be significantly larger and/or slower, reducing the operational efficiency of
the manipulator.
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4.3.4 Repeatability Study
Another important performance measure for the position controller is repeatability.
Repeatability is a measure of the controller's ability to move to a given position over and
over again with consistent results. A repeatable system is one that can reliably deliver the
same level of capability over time from different points in its operational space.
Repeatability is also important to provide the human operator with a consistent control
response that he/she can adapt to and become efficient with.
To test the repeatability of the position control, a special trajectory was prepared for
the end-effector. To begin, the end-effector is commanded to a position similar to point
D in the representative heavy-payload task. From this position, the end-effector is then
commanded to follow 25 individual trajectories. Each of the 25 trajectories leads away
from the starting point in a random direction and then returns along the same path. The
average departure of each random trajectory from the starting point is 8.6 cm and the
peak velocity for each trajectory is 5 cm/s. Following each of the 25 random trajectories
the controller is given 2 seconds of settling time. Figure 4.10 shows the complete path of
the end-effector in base-coordinates.
Using this trajectory, a full simulation was run with a 3000 lb payload attached at the
end-effector. For comparison, the first 15 random trajectories were repeated in a second
simulation with friction compensation disabled. Figure 4.11 shows the positions of the
end-effector after returning from each of the random trajectory segments and settling for
2 seconds. Table 4.5 summarizes the results in regard to the absolute translational error
of the end-effector position after each random trajectory.
Table 4.5. Translational error results for the
repeatability study
Maximum Error Mean Error
W/ Friction Compensation: 4.3 mm 2.2 mm
W/O Friction Compensation: 83.7 mm 28.8 mm
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Repeatability Study: End-Effector Trajectory
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Figure 4.10. End-effector trajectory, tracking 25
random motions from a set-point
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Figure 4.11. End-effector positions after each
random motion and 2 seconds of settling time, with
and without friction compensation
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With friction compensation, the mean position error is less than 3 mm. The control
system therefore has a very high level of repeatability. Without friction compensation,
the mean error increases to 2.9 cm which exceeds the target specification on translational
tracking error for the system. Again, effective friction compensation is critical in
achieving the target level of performance for this system.
4.3.5 Preliminary Analysis of Ship Motion Effects
To test position controller's ability to compensate for ship motions, data was
obtained from the manipulator's designer containing the expected worst-case rotations
and accelerations experienced by the manipulator due to ship motions. This data consists
of estimated magnitudes and periods for each type of ship motion as would be measured
by the manipulator's motion sensors during operation. These values are shown in the
tables below.
Table 4.6. Periods and amplitudes for simulated
base rotations
Amplitude Period
Pitch: 20 10.5 seconds
Roll: 130 20.8 seconds
Table 4.7. Periods and amplitudes for simulated
translational base accelerations
Amplitude Period
Vertical .354 g 20.8 seconds
Longitudinal .078 g 20.8 seconds
Transverse .144 g 20.8 seconds
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For this analysis, each type of motion was modeled as a sine wave using the
amplitudes and periods listed above. The resulting motions were then added to the
ADAMS manipulator model for simulation. The pitch and roll motions were applied to
the manipulator's base using the origin of the base coordinates as the center of rotation as
shown in Figure 4.12.
No motion
,4
4%
4%
*44
44
6 oi =13sin(27.820.8
*#*%f . 0
Figure 4.12. Application of base rotations to the simulated
manipulator model (adapted from Foster Miller Inc.)
The translational accelerations were applied equally to each of the manipulator's
links and the payload by adding them to the model's gravity field as follows:
ax] [0 1 0.078A(t)]
g= ay =Rx(6rO )Ry(pice ) 0 + 0.144A(t)
az -9.81_ L0.354A(t)_
(4.1)
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'11
2mtA(t)=9.81sin( )
20.8
(4.2)
where Rx (0,011) and Ry( 6 pch) are the rotation matrices that transform the inertial
gravity vector into the manipulator's base coordinates.
Simulations of the representative light-payload task were performed to study the
effects of the ship motions with and without compensation. The resulting Cartesian
tracking error for these simulations is shown in Figure 4.13.
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Figure 4.13. Translational tracking error with
simulated base motions
Without compensation, the peak tracking error is nearly doubled as a result of the
ship motions. The controller's compensation, however, is able to eliminate nearly all of
the effects of ship motion in the system response. The peak and average tracking errors
in the case with compensated ship motion are virtually identical to those in the case with
no ship motion at all. The small differences in tracking that remain between these two
cases are due to the combined effects of rotational accelerations, centripetal forces, and
coriolis forces that are not modeled in the ship motion compensation. One can expect
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these uncompensated effects to become larger as the payload mass increases. Future
work with this system will include a more in-depth study of these effects.
4.3.6 Friction Model Extraction
This section presents an example of the friction model extraction procedure
described in Section 3.7. This example consists of extracting a friction model for joint 6
using recorded data from a simulation of the representative light-payload task. The
purpose of this exercise is to validate both the feasibility of the model extraction process
and the capability of the adaptive estimators to accurately identify the joint friction.
For this example, the extracted friction model is assumed to have the same form as
the simulated friction as defined in Section 3.4.2. As a result, it is possible for the
extracted model to represent the simulated friction perfectly with no un-modeled effects.
For this exercise, therefore, the accuracy of the extracted model is limited only by the
accuracy of the adaptive friction estimates. In reality, the joint friction will likely contain
behaviors that are not modeled in the assumed form of the extracted friction models.
These un-modeled behaviors will further limit the accuracy of the extracted friction
models. Studies have been planned beyond this thesis to investigate and quantify the
extent of these effects.
Referring to Section 3.4.2, the assumed form of the extracted friction model is as
follows:
friction = -(1 + ud4)(-2 + u3rmoo,l+ O4,moto, )sgn(4) (4.3)
The goal of the model extraction process is to identify the parameters o, -2, U73,
and a4. This is accomplished by conducting a curve-fit of the recorded simulation data
which consists of the independent variables 4(t) and r,,otor (t) , as well as the friction
estimates fo ,(t).
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Using data recorded from a simulation of the representative light-payload task, a
friction model was extracted for joint 6 in the following steps:
1. The true simulated joint friction profile ric,,on(4(t),r,*mt,.(t)) was plotted first
to provide a basis of comparison for the extracted model.
2. The friction estimates ^fritio were then plotted as a function of
4(t) and roto, (t) using the recorded data.
3. In preparation for the curve-fit procedure, the adaptive friction estimates near
zero velocity were removed. The initial "learning curve" transient in the
adaptive estimates was also removed.
4. Using the remaining data, a nonlinear least-squares curve fit was computed to
identify the parameters or, , I-3, and a74.
5. The parameters [a, a,0-3, q4] were finally inserted into Equation 4.3 to yield
the extracted friction model defining friion(4, ,moo,). This model was then
used to predict the joint friction for all values of 4 and z.r, .
Figures 4.14 - 4.18 illustrate each of the steps in the above procedure.
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Figure 4.14. Identification offriction parameters using recorded
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The accuracy of the extracted friction model frt (4r,,,.) is measured by its
percent deviation from the actual friction torque as follows:
T 1 con (4(t), mto, (t)) - tfihcti (4(t), To,,(t))oError(t) = 100f tfriction (4(t), motor (t) (4.4)
The mean and standard deviation of Error(t) for the extracted model above is given
in Table 4.8.
Table 4.8. Error results for the extracted friction model
Mean
Error(t): 0.44%
This result indicates that the adaptive estimator for joint 6 was able to identify the
joint friction with better than 99% accuracy during this simulation. Because the extracted
friction model and the simulated friction model use the same form, the extracted model is
able to predict the simulated friction with the same level of accuracy. In practice,
however, the real joint friction will not exactly follow the form assumed for the extracted
model. There will be un-modeled behaviors in the true friction that will lead to errors in
the extracted model despite the accuracy of the adaptive estimates. Future studies will
examine the extent of these effects and the impact they have on the control system's
overall performance.
4.4 Summary and Conclusions
This chapter has presented the results of extensive simulation studies that validate
the capability of the control system architecture presented in Chapters 2 and 3. It was
shown that the control system is able to perform within the target specifications for both
heavy and light-payload tasks, representing the entire operational spectrum for the
manipulator. The controller's resolution was shown to be on the order of 1 cm, which
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will allow the human operator to make small position adjustments to achieve precise and
efficient positioning. It was also shown that the controller has a high level of
repeatability and is thus capable of providing consistent performance over a large range
of motions. A preliminary analysis of ship-motion effects showed that the control system
is able to effectively compensate for these effects without a measurable loss in
performance. Finally, it was shown that the controller's adaptive friction estimation is
capable of identifying parametric models of the joint friction with better than 99%
accuracy in the absence of un-modeled effects.
A prevailing theme in the results presented in this chapter is the control system's
effective compensation of joint friction. Without this compensation, it would be
impossible for the system to perform within the target specifications. One of the most
important challenges for the system, therefore, will be providing the same level of
effective compensation when the manipulator is in contact with the environment and
adaptive estimation cannot be used. For these intervals, it will be critical to have a good
understanding of the joint friction's behavior so that its effects can be completely and
accurately modeled in the model extraction process.
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CHAPTER
5
CONCLUSIONS AND FUTURE WORK
5.1 Contributions of this Work
This thesis has presented the design of a position control system to allow high-
precision, low-bandwidth control of a 6 DOF serial manipulator in a dynamic
environment.
Chapter 2 presented a robust design for Cartesian end-effector control using existing
methods of decentralized linear control at the joint level coupled with the Jacobian-
inverse method of calculating the inverse manipulator kinematics. The linear joint
controllers use gain scheduling to provide a stable and consistent response characteristic
for the manipulator's large range of payloads. The bandwidth of the joint controllers is
limited to guarantee stability without modeling manipulator flexibility in the control
system. The control system allows operation in the vicinity of kinematically-singular
manipulator positions by temporarily switching from Cartesian tracking to direct-joint
control.
Chapter 3 presented a nonlinear disturbance compensation scheme to augment the
linear joint-control architecture described in Chapter 2. Disturbance compensation is
achieved using a combination of adaptive and sensor-based methods to compensate for
the effects of gravity, base motions, and joint friction. To compensate for gravity and
base-motion effects, the controller uses a quasi-static model of the manipulator together
with feedback from motion sensors to compute feed-forward compensation torques for
each joint. Joint friction is compensated through a combination of both sensor-based and
adaptive methods. For the first three joints, the control system uses torque control to
regulate the joint torque and eliminate the effects of joint friction. This is made possible
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by the presence of force sensors in the transmissions of these three joints. For the last
three joints, the control system employs the Friedland-Park adaptive estimation method to
identify the magnitude of the joint friction and compensate using motor torques. Finally,
because the Friedland-Park algorithm cannot be applied in the presence of contact forces,
a procedure is proposed by which a temporary parametric model of the joint friction can
be extracted from recorded data and used in a feed-forward manner.
Chapter 4 presented the results of extensive simulations that show various measures
of the control system's performance capability. These measures include resolution,
repeatability, effectiveness in compensating for major disturbances, and tracking
performance in two representative payload tasks. Work is continuing in this area as the
manipulator's design is completed and test hardware becomes available.
5.2 Suggestions for Future Work
The control system presented in this thesis is being developed in tandem with the
mechanical system with the expectation of eventual widespread system deployment.
While the design of the core control system is more or less complete, much work still
remains to be done in the areas of evaluation and validation.
There is still a great deal that can be learned about the control system's capabilities
through modeling and simulation. Studies are currently underway to study the effects of
ship motions in more depth using more complex and realistic models of these motions. It
will also be important to measure the system's sensitivity to factors like sensor error,
model parameter uncertainty, uncompensated disturbances (wind, etc.), and un-modeled
behavior in compensated disturbances (friction and ship motions).
The most important future work will be the validation of this design on test hardware.
During this stage of work, the control gains and other low-level system parameters will
undergo final tuning. The performance of the system's friction compensation will be of
particular interest during hardware testing. It will be important to show that the system
can extract sufficiently accurate models of the joint friction online using data from the
Friedland-Park estimators. The results presented in Chapter 4 indicate that this will be
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contingent on the assumed form of the extracted model rather than the performance of the
Friedland-Park estimators. A significant piece of work beyond this thesis, therefore, may
consist of advancing or reconsidering the friction models defined in Sections 3.4.1 and
3.4.2.
Hardware testing will likely lead to iteration on the control system parameters.
Iteration on low-level design elements is to be expected in the development of any system
for deployment in the real world. The core control architecture presented in this thesis,
however, provides a framework to achieve the necessary capability in the final
manipulator system.
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APPENDIX A: MANIPULATOR PARAMETERS
Using the standard Denavit-Hartenberg convention [Niku, 2001], the kinematics of
the manipulator can be completely defined by the information contained in Table A. 1
Table A.l. Denavit-Hartenberg manipulator parameters
(courtesy of Foster Miller Inc.)
Link # Axis Name at ai (m) IO di (m) type Range
1 Base yaw ir/2 0.1651 0 0 0 See note 1 below
2 Base pitch -ir/2 0.2951 0 0 0 -950 to -25*
3 Arm extension ir/2 0.0444 0 0 1 0.921 to 1.327 m
4 End pitch -7r/2 0.3239 0 0 0 100 to 1050
5 End Yaw 7r/2 0 0 0.3810 0 -120 to 1200
6 Roll (up to 1500 lb payload) 0 0.5080 0 0 0 -45* to 2250
6 Roll (1500 to 3000 lb load) 0 0.3810 0 0 0 -450 to 2250
When all joints angles are zero, the link coordinate systems are defined as follows:
Joint 6
Joint 1
ZO
a,
X0
Joint 2
Joints 3 & 4
Z2
a 2
X1
a4
Z3 X2,3
A
X6
X5 Z6
Joint 5 X4
Figure A.]. Definition ofjoint coordinate systems with
all joint angles at zero (courtesy of Foster Miller Inc.)
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-= - . ...............
Table A.2 defines the mass, center-of-mass position, and inertia tensor for each link
in that link's coordinate system.
Table A.2. Inertial link parameters
(courtesy of Foster Miller Inc.)
Link # mass(kg) rx (m.) ry (m.) rz (m.) Ixx (kg mi) Iyy Izz Ixy Iyz Ixz
1 42.034 -.092 -.104 0 0.907 0.329 0.995 -0.236 0 0
2 180.184 -.010 0 0.262 17.456 16.76 8.12 -.054 -.033 -.771
3 193.711 -0.023 -0.292 0 21.307 4.814 20.464 -1.036 -.012 -.001
4 137.217 -.198 0 0.011 2.018 4.551 4.595 0 0 -.262
5 140.268 0 -.143 0 5.016 1.73 5.072 0 0 0
6 191.266 -.427 -.018 0 16.2 21.245 6.302 0.883 0 0
Table A.3 defines the mass, center of mass position, and inertia tensor for the
representative heavy and light-payloads in the coordinate system of link 6.
Table A.3. Inertial payload parameters
(courtesy of Foster Miller Inc.)
mass(kg) rx (m) ry (m) rz (m) Ixx (kg m7) Iyy Izz Ixy Iyz Ixz
Heavy-payload: 1360.78 -0.127 0.2286 0 927 927 42 0 0 0
Light-payload: 156.0 0 0.2667 0 130 130 0.7 0 0 0
85
APPENDIX B: CONTROLLER PARAMETERS
The following are the numerical values of the control gains and other control-related
parameters used in simulating the control system. Units are assumed to be in kilograms,
meters, seconds, and radians.
PID Joint Controllers:
PID gains (heavy-payload):
Table B.]. PID gains for the representative
heavy-payload task
Kp K1  KD1 KD2
Joint 1: 210000 200000 40000 110000
Joint 2: 205000 200000 40000 105000
Joint 3: 66500 66000 13000 34000
Joint 4: 33000 33000 6700 17000
Joint 5: 34000 33000 6700 17500
Joint 6: 6800 6700 1300 3500
PID gains (light-payload):
Table B.2. PID gains for the representative
light-payload task
Kp K1  KD1 KD2
Joint 1: 215000 300000 44000 79000
Joint 2: 215000 300000 44000 78000
Joint 3: 73000 100000 15500 27000
Joint 4 36000 50000 7500 13000
Joint 5 36000 50000 7500 13000
Joint 6 7300 10000 1580 2700
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Integral saturation limits (all payloads):
Table B.3. Integral saturation limits
Si
Joint 1: 3000
Joint 2: 3000
Joint 3: 1000
Joint 4: 500
Joint 5: 500
Joint 6: 100
Torque controllers:
PI control gains (all payloads):
Table B.4. PI torque-control gains
Kp Ki
Joint 1: 2 100
Joint 2: 2 100
Joint 3: 2 100
Adaptive estimators:
Friedland-Park estimator gains (all payloads):
Table B.5. Friedland-Park estimator gains
# k
Joint 4: 2 500
Joint 5: 2 300
Joint 6: 2 400
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APPENDIX C: SIMULATED FRICTION PARAMETERS
The following parameter values were used with the models defined in Sections 3.4.1
and 3.4.2 to simulate joint friction in the manipulator. Units are assumed to be in
kilograms, meters, seconds, and radians.
Static-load-dependent Fricton Model (oints 1-3):
Table C. 1. Parameters for simulated static-load-
dependent friction
.1 a 2  a 3  61 82 83
Joint 1: 37.4x 0.04 x10- 0.6 0.4 0.1
Joint 2: 37.4x10-6 0.04 1Ix10 0.6 0.4 0.1
Joint 3: 90.OxIO-6 0.04 x10~ 0.6 0.4 0.05
Torque-dependent Friction Model (oints 4-6):
Table C.2. Parameters for simulated torque-
dependent friction
fTI C2 C-3 C4
Joint 4: 10 500 1.66 7.8x1i0-
Joint 5: 10 150 1.66 2.61X10-4
Joint 6: 10 350 1.66 1.12x10-4
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